This pa per de scribes de vel op ment of a test cell setup for con cur rent run ning of a real en gine and a sim u la tion of the ve hi cle sys tem, and its use for in ves ti gat ing highly-dy namic en gine-in-ve hi cle op er a tion and its ef fect on die sel en gine emissions. Run ning an en gine in the test
vi ron men tal Pro tec tion Agency (EPA) and its Eu ro pean Un ion coun ter part for the time frame [2007] [2008] [2009] [2010] . Dual-use and off-road die sel-pow ered trucks must meet ag gres sive fuel econ omy and emis sions re quire ments un der harsher mis sions. In ad di tion, soot emis sion is re lated to visual sig na ture and load ing of af tertreat ment com po nents that will likely be nec es sary in near future.
De vel op ing a mod ern pro pul sion sys tem in vari ably en tails some de gree of prototyping. Sim u la tion tools are in dis pens able for the rapid pre dic tion of ve hi cle be hav iour dur ing a typ i cal mis sion and the eval u a tion and se lec tion of pro pul sion con cepts and com po nents early in the design pro cess [1] [2] [3] [4] [5] [6] [7] [8] [9] . Sim u la tion tools also make it pos si ble to vary and op ti mize com po nent and sub-sys tem de signs for given goals and con straints [10, 11] . How ever, sim u la tion-based ve hi cle sys tem de sign is not with out lim i ta tions. Con duct ing ve hi cle-level stud ies over com plete driv ing sched ules lim its the de gree of fi del ity that can be af forded within a rea son able com pu ta tional time frame. For in stance, sim u lat ing soot for ma tion pro cesses in a die sel en gine is pro hib i tively slow in the con text of sys tems work, since it re quires cou pling of so phis ti cated com pu ta tional fluid dynam ics (CFD) mod els and chem i cal ki net ics [12, 13] . There fore, even though state-of-the-art vehi cle sim u la tions en able as sess ing ve hi cle per for mance, fuel econ omy and dy namic re sponse with high con fi dence, ver i fi ca tion of emis sions trends ne ces si tates ex per i men ta tion. Merg ing the virtual and real worlds, by com bin ing phys i cal en gines with vir tual drivelines and ve hi cles, is perhaps the only way to ac cu rately char ac ter ize the in flu ence of sys tem de sign on per for mance, fuel econ omy, and emis sions early in the de sign cy cle.
This pa per cou ples the vir tual sim u la tion and real ex per i men ta tion, and in tro duces a setup that con cur rently runs a driveline/ve hi cle sim u la tion and a real en gine in a test cell. In contrast with more tra di tional im ple men ta tion of the hard ware-in-the-loop (HIL) that typ i cally features a con trol unit in hard ware in te grated with vir tual de vices and sys tems be ing con trolled, a ma jor piece of hard ware is in te grated with vir tual de vices em u lat ing re al is tic op er at ing con ditions. Us ing the vir tual driveline/ve hi cle sim u la tion en ables rapid prototyping and op ti mi za tion of dif fer ent powertrain con fig u ra tions, de signs, and con trol sys tems. Fur ther more, by im plement ing the com plete en gine sys tem in phys i cal hard ware, the setup cap tures the ef fect of un certain ties in ac tu a tor re sponse on en gine dy namic be hav ior. Con se quently, our use of HIL sim u lation is not lim ited to con trol de sign, test ing and cal i bra tion, but ad dresses broader ob jec tives of eval u at ing an in te grated powertrain sys tem con fig u ra tion, sys tem op ti mi za tion, and power manage ment de sign. Sec ondly, the setup im merses a ma jor piece of hard ware, namely, a multi-cylin der die sel en gine to gether with its ac com pa ny ing sub-sys tem con trol ler, in the loop and that mo ti vates the use of the term en gine-in-the-loop (EIL) sim u la tion.
En gine-(or powertrain-) in-the-loop test ing is fre quently used in in dus try, but mostly for the de sign and cal i bra tion of trans mis sion and en gine con trol lers [14] . Ja son and Moskwa [15] , for in stance, de scribe the en hance ment of dy na mom e ter bandwidths us ing the hy dro static prin ci ple for the pur pose of sys tem con trol and di ag nos tics. Sim i larly, Flem ing et al. [16] describe the de vel op ment of a powertrain-in-the-loop setup that en ables con trol de sign spe cif ically for par al lel hy brid elec tric ve hi cles. Fi nally, the Argonne Na tional Lab o ra tory (ANL) serves as the pri mary site for tech nol ogy val i da tion for the U. S. De part ment of En ergy. Their focus is on en abling the test ing of var i ous com po nents in an em u lated ve hi cle en vi ron ment [10] . Re cent work at the ANL has also uti lized HIL sim u la tion to in ves ti gate trade offs be tween fuel ef fi ciency and NO x emis sions in a hy brid ve hi cle with a con tin u ously vari able trans mis sion (CVT) [17] , but re lied pri mar ily on anal y sis of the time spent at given en gine re gimes and steady-state emis sion maps. Our fo cus dif fers from the above EIL-re lated lit er a ture in three ways. First, we ex plore the ca pa bil i ties of EIL as a re search tool for study ing fun da men tal aspects of tran sient die sel emis sions in the con text of re al is tic in-ve hi cle con di tions. We seek a char ac ter iza tion of powertrain dy nam ics, and a fun da men tal un der stand ing of the in flu ence of such tran sient dy nam ics on en gine ex haust emis sions. Sec ondly, we sup port the use of EIL as an in te grated sys tem-level meth od ol ogy for powertrain de sign and con trol with ex ten sive driveline/ve hi cle mod el ing ef fort. Prior re search in the Au to mo tive Re search Cen ter at the Univer sity of Mich i gan (ARC) pro duced a com pre hen sive set of sim u la tion tools for de sign and anal y sis of ad vanced ve hi cle sys tems that pro vide a strong foun da tion for de vel op ment of real-time mod els. The sys tem mod el ing plat form dubbed VESIM for ve hi cle en gine sim u la tion has been de vel oped in Simulink with em pha sis on high-fi del ity of fully in te grated sys tem sim ula tions. The tool can be con fig ured for dif fer ent pro pul sion sys tem ar chi tec tures, such as the con ven tional ve hi cle [2] or dif fer ent hy brid op tions [3, 6] . Thirdly, our fo cus is on me dium-duty die sel en gines and trucks, rather than pas sen ger cars. The en gine used in this work is a 6 L V-8 die sel pro duced by the In ter na tional Truck and En gine Cor po ra tion (In ter na tional), and it is coupled to a highly dy namic AC dy na mom e ter in the W. E. Lay Au to mo tive Lab o ra tory at the Univer sity of Mich i gan. The vir tual ve hi cle is con fig ured based on the spec i fi ca tions of the high mo bil ity mul ti pur pose wheeled vehicle (HMMWV or a Hum mer), a 4´4 ve hi cle with ex ceptional off-road ca pa bil i ties.
The ob jec tives of the work are to de velop the EIL ex per i men ta tion capa bil ity and use it to study en gine sys tem be hav ior when cou pled to a 4´4 driveline with a four-speed au tomatic trans mis sion ( fig. 1 ). In par ticu lar, we ex am ine and char ac ter ize tran sient emis sions of NO x and particulates and as sess the im pact of tran sient spikes on over all emis sions. Study ing the dy namic in ter ac tions be tween dif fer ent ve hi cle sub-systems sheds light on causes for crit i cal tran sient con di tions and sug gests poten tial en gine-level or ve hi cle-level ap proaches for ac tive tran sient emission re duc tion. As an ex am ple, the hy poth e sis that the in creased presence of in ter nal re sid ual dur ing turbo lag has a strong ef fect on in creased par tic u late for ma tion is ex plored, hence of fer ing guid ance for op ti mi za tion of the air and ex haust gas recirculation (EGR) sys tems. The trade off be tween the torque re sponse and the mag ni tude of the tran sient soot spike is as sessed by an a lyz ing a load-in crease event with three tip-in func tions, i. e. a step change, a two-sec ond, and a five-second tip-in. This gen er ates de tailed guid ance for de vel op ment of fu ture drive-by-wire strat e gies or hy brid ve hi cle power man age ment strat e gies op ti mized for clean and ef fi cient op er a tion.
The pa per be gins with a high-level de scrip tion of the ap proach, crit i cal enablers, and EIL setup used in this work. Next, mod el ing and in te gra tion chal lenges are de scribed briefly. This is fol lowed by a de tailed de scrip tion of die sel en gine spec i fi ca tions, test cell in stru men tation and the in ter face be tween the dy na mom e ter and the ve hi cle sim u la tion. The setup's V-8 6L die sel en gine man u fac tured by In ter na tional is a new prod uct, much more pow er ful than the stan dard Hum mer en gine, and it is be ing con sid ered for pro pul sion of heavier ver sions of the vehi cle. The use of the setup for quan ti fy ing the in flu ence of powertrain tran sients on dy namic die - sel en gine per for mance and emis sions is dem on strated through anal y sis of drive cy cle re sults. Par tic u lar at ten tion is given to anal y sis of tran sient soot emis sion spikes ob served at ev ery rapid load in crease. The in ves ti ga tion of in-ve hi cle tran sients is com ple mented with in-depth anal y sis of en gine pa ram e ters ob tained for dif fer ent tip-in func tions. Full char ac ter iza tion of tran sient par tic u late emis sion pro duces guide lines for de vel op ing fu ture clean and efficient drive-by-wire or hybrid power management strategies. Finally, the paper ends with a brief summary and conclusions.
Ap proach -in sert ing ma jor piece of hardware in-the-loop
Con cep tual con sid er ations
Sev eral key enablers are nec es sary be fore a full EIL ca pa bil ity can be fully de vel oped. Fig ure 2 pres ents a con cep tual sum mary of such enablers (in ovals) in re la tion to a HIL setup's main com po nents (in rect an gles).
The spe cific re quire ments per tain ing to each one of the items in fig. 2 are dic tated by the HIL ap pli ca tion. In case of the EIL setup, the fol low ing was found to be es sen tial: The extraction of such models from more complex ones using energy-based model reduction techniques is described in depth in other publications by the authors [18] [19] [20] . (6) Networking. While this is not part of the scope of the current study, the capabilities of the setup will enable future consideration of networking HIL simulators to allow different engineering teams to design selected subsystems independently and then integrate their design efforts through the Internet. (7) Hardware/software integration. The engine is prototyped in hardware and the rest of the vehicle system is virtual. This partitioning enables generating critical data experimentally (e. g. details of engine transient processes and emissions) and rapid prototyping of different vehicle driveline options. In particular, the setup makes it possible to quickly swap and compare different transmission options, including manual, automatic, hybrid electric or hydraulic options.
In te gra tion of the EIL setup
The in te gra tion of the vir tual com po nents with the hard ware in the test cell to cre ate an en gine-in-the-loop sys tem is rep re sented sche mat i cally in fig. 3 . An ad vanced test cell, fea tur ing a state-of-the art me dium duty die sel en gine and a highly dy namic AC dy na mom e ter with the accom pa ny ing con trol sys tem, has been set up for in ves ti ga tions of clean die sel tech nol o gies [21] . The dy na mom e ter and test cell hard ware ven dor (AVL North Amer ica) com mit ted to pro vid ing the nec es sary hard ware and soft ware for in ter fac ing mod els in Simulink with the dy na mom e ter and en gine con trol ler, thus open ing up the pos si bil ity of re al iz ing the full ben e fit of the syn ergy be tween mod el ing and ex per i men tal ef forts. The VESIM de vel oped in the ARC is used to sim ulate the ve hi cle's driver, driveline, hy brid com po nents, con trol lers, and ve hi cle dy nam ics [2, 3, 6 ]. VESIM's for ward-look ing driveline and ve hi cle dy nam ics mod els make it pos si ble to in tegrate a vir tual driver into the sys tem with the ve hi cle driv ing sched ule as the only in put to the EIL mod els. The driveline and ve hi cle sim u la tions run con cur rently with the en gine in real time to sim u late ve hi cle be hav ior and pro vide feed back to the vir tual driver and dy na mom e ter con troller (EMCON). The en gine is cou pled to the dy na mom e ter and EMCON, such that its per formance de pends en tirely on sig nals pro vided by the driver and re sponse of the vir tual ve hi cle. This con sti tutes a fully in te grated EIL setup that em u lates the de sired ve hi cle, drivetrain, and driver con cur rently in real time.
To il lus trate the com mu ni ca tion flow, con sider a drive cy cle at the be gin ning of which the en gine is idling and the ve hi cle ve loc ity is zero. As the tar get ve loc ity starts to in crease, the vir tual driver within VESIM rec og nizes the dif fer ence in de manded and ac tual ve hi cle ve loc ities and in creases the ac cel er a tor pedal po si tion ap pro pri ately. This pedal po si tion sig nal is passed to EMCON and is pro cessed into a sig nal that is sent to the en gine. The en gine re sponds to this sig nal by pro duc ing torque mea sured by the dy na mom e ter. This torque value is then used as in put into the VESIM driveline/ve hi cle mod ule ca pa ble of cal cu lat ing the im pact of the supplied torque on ve hi cle ve loc ity. The up dated ve hi cle ve loc ity is sub se quently trans lated to engine speed, based on cur rent states in the trans mis sion and torque con verter, and this re quest is sent to the dy na mom e ter through EMCON. The up dated ve hi cle ve loc ity is also pro vided to the driver, which again com pares this value to the driv ing sched ule and de ter mines the pedal po sition for the fol low ing step. When the de sired ve hi cle ve loc ity pro file starts to fall, the vir tual driver "lifts the foot off the gas pedal" thus mak ing the gas pedal sig nal zero, and in stead sends an ap pro pri ate com mand to a vir tual brake model within VESIM. Ve hi cle ve loc ity changes accord ing to the brake model, and en gine speed is com manded ap pro pri ately. Thus, the above setup en ables the fully in te grated sim u la tion of ac cel er a tion, coast ing, and brak ing events.
Mod el ing and in te gra tion chal lenges
Mod el ing is sup ported by the on go ing re search in the ARC. The main mis sion of the cen ter is de vel op ment of ad vanced mod els and sim u la tions of ground ve hi cles, with an em phasis on pre dic tive fully in te grated sys tem sim u la tions. Var i ous sub sys tem mod els have been in tegrated in Simulink as a com mon sim u la tion en vi ron ment to pro duce a tool for con ven tional vehi cle sim u la tion dubbed VESIM [2] . This plat form has sub se quently been ex panded and uti lized for in ves ti gat ing a num ber of re search is sues re lated to ad vanced and hy brid truck propul sion. The fuel econ omy po ten tial of se lected hy brid elec tric and hy drau lic hy brid con fig u rations has been eval u ated by Lin et al. in [6, 7] and Filipi et al. [3] . Hi er ar chi cal meth od ol o gies for op ti mally de sign ing a com plex ve hi cle sys tem are ex plored in [11] , while [22] con sid ers design un der un cer tainty.
Suc cess ful EIL sim u la tion re quires proper driveline/ve hi cle mod els, i. e., mod els complex enough to ac cu rately cap ture powertrain dy nam ics but sim ple enough to run in real time [23] . A 5112 kg HMMWV with a con ven tional powertrain was pre vi ously mod eled us ing bond graphs [18] . A bond graph is a sche matic that rep re sents a given dy namic sys tem as an as sem bly of en ergy sources, stores, and dis si pat ers ex chang ing en ergy and in for ma tion [24, 25] . The models were then made proper by bal anc ing their fi del ity vs. com plex ity us ing the model or der reduc tion al go rithm (MORA) by Louca et al. [26] . The fun da men tal prem ise be hind MORA is that an en er getic el e ment's ac tiv ity is in dic a tive of its im por tance to the model's fi del ity. The fidel ity of the de vel oped mod els was ver i fied us ing the ac cu racy and val i da tion al go rithm for simu la tion (AVASim) by Sendur et al. [20] . AVASim quan ti fies a model's fi del ity by com par ing its out puts to a bench mark, which may be ei ther an ex per i ment or a higher-fi del ity model. Finally, a proper model of an ex ist ing Hum mer is con structed in a way that cap tures powertrain tran sients ac cu rately while be ing sim ple enough to run in real time [18, 19] . This model's pa -ram e ters were then scaled to match the en gine used in this case study. In par tic u lar, the Hum mer torque con verter, gear ra tios, shift map, and fi nal drive were scaled to pro vide de sired mo bil ity, smooth shift ing, and fuel ef fi ciency, given the speed and torque range of the In ter na tional V-8 en gine [27] .
The above super-Hum mer mod els were ex pressed in the bond graph lan guage SIDOPS and im ple mented in the mod el ing tool 20Sim [28] . For EIL sim u la tion, the en gine mod ule was re moved and the drivetrain was con nected to the EMCON in ter face. The mod els were then trans lated into dif fer en tial al ge braic equa tions (DAEs) and ex pressed in the C language. Em bed ding the C code into Simulink as a Simulink-ex e cut able S-func tion (us ing Matlab's ex ter nal in ter face C-MEX func tion) fi nally al lowed the mod els to be con nected to the EMCON in ter face.
A vi a ble EIL sim u la tor com prises more than just well-in stru mented hard ware connected to proper vir tual mod els. Ini tial work quickly un cov ered in te gra tion is sues that needed to be ad dressed on both ends be fore the setup could be op er ated safely and with full func tion al ity.
The main challenges proved to be: -connection causality, -signal noise and communication delays, and -virtual driver response.
The most ba sic in te gra tion ques tion is con nec tion cau sal ity, namely, which sig nals enter each sub sys tem as in puts, and which are gen er ated as out puts. Tra di tion ally, en gine-dy namom e ter and EIL test set ups com manded en gine torque and mea sured en gine speed through a dy na mom e ter [15, 16, 29] . How ever, the use of this cau sal ity for EIL sim u la tion of ten led to unsta ble en gine torque sig nals. Con trol ling en gine torque through a dy na mom e ter im plic itly involves en gine ac cel er a tion con trol. Ac cel er a tion is in her ently higher in or der com pared to veloc ity. Higher-or der sig nals are nois ier to mea sure, and their con trol re quires higher ac tu a tor bandwidths com pared to lower-or der sig nals. A dy na mom e ter is hence gen er ally more ef fec tive for com mand ing en gine speed rather than torque. In this work, re vers ing the EIL setup's connec tion cau sal ity by com mand ing the en gine's speed and mea sur ing its torque al le vi ated the stabil ity prob lem and in creased the setup's band width to the de sired range (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . The vir tual model cau sal ity was re versed by in cor po rat ing im pel ler in er tia into the torque con verter model. More de tails are pro vided by Filipi et al. [21] .
The sec ond in te gra tion chal lenge was a re sult of the fact that mea sured sig nals are prone to both noise and com mu ni ca tion time de lays. These two prob lems were ad dressed through the in tro duc tion of low-pass fil ter ing to elim i nate sen sor noise and lead fil ter ing to coun ter bal ance the phase lag in tro duced by the com mu ni ca tion time de lays. The lead-lag fil ter de sign pro ce dure in volved op er at ing the en gine at steady-state, and then su per im pos ing si nu soidal en gine speed and pedal po si tion pro files onto the steady-state. Re peat ing this for var i ous frequen cies fur nished em pir i cal trans fer func tions rep re sent ing the en gine's dy nam ics and em pir ical mod els of the setup's noise. These mod els were then used to de sign the lead-lag fil ters through loop shaping, a widely used process whose details are omitted for brevity [30, 31] .
The fi nal in te gra tion chal lenge was the vir tual driver's in abil ity to fol low the rapid fluc tu a tions of ve hi cle speed in a city driv ing cy cle ac cu rately. This drive cy cle is pre scribed by the EPA for emis sions test ing. For cer tif i ca tion pur poses, the ve loc ity pro file must be fol lowed with an er ror not ex ceed ing one mile per hour for more than one sec ond. This is rel a tively dif ficult even for real driv ers, and EPA al lows pre view dur ing cer tif i ca tion tests. The driver model de vel oped for the EIL study was ini tially a sim ple pro por tional-in te gral-de riv a tive controler model with an anti-windup loop. Add ing a low-pass fil ter to at ten u ate mea sure ment noise and 1-, 2-, and 3-sec ond pre views with pro por tional pre view gains proved to be nec es sary for en suring de sired dy namic per for mance.
Ex per i men tal setup

En gine spec i fi ca tions
The en gine used in this in ves ti ga tion is a 6 L V-8 di rect-in jec tion die sel en gine man ufac tured by the In ter na tional. Its spec i fi ca tions are given in tab. 1. The en gine is in tended for a va ri ety of me dium duty truck ap pli ca tions cov er ing the range be tween US Classes IIB and VII. Re plac ing the stan dard 6.5 L turbo charged IDI en gine de vel op ing 145 kW with the more power ful In ter na tional V-8 en gine cre ates a vir tual "super-Hum mer" ca pa ble of pro vid ing ex ceptional per for mance even in heavier ver sions of the ve hi cle.
The en gine in cor po rates advanced tech nol o gies to pro vide high power den sity while meet ing emis sions stan dards. A hy drau lic elec tronic unit in jec tor (HEUI) sys tem per mits the pre cise con trol of fuel in jec tion tim ing, pres sure, and quan tity, and fur ther more allows the use of pi lot in jec tion. An EGR cir cuit is used to in tro duce cooled ex haust gases into the intake man i fold in or der to de crease NO x emis sions. EGR flow rate is con trolled through mod u la tion of the EGR valve and the set ting of the vari able ge om e try turbocharger (VGT). The VGT is also used to en hance en gine per for mance, as it re duces boost lag and al lows con trol of the in take man i fold pres sure.
Test cell sys tems and en gine in stru men ta tion
The en gine is cou pled to a 330 kW AVL ELIN se ries 100 APA asyn chron ous dy namom e ter. This dy na mom e ter is es pe cially well suited to per form tran sient test ing, as it has a 5 ms torque re sponse time and a -100% to +100% torque re ver sal time of 10 ms. Op er a tion of the test cell is or ches trated via the AVL PUMA open sys tem, pro vid ing an en vi ron ment for mon i tor ing and con trol ling test cell func tions. The en gine is fully in stru mented for time-based mea surements of pres sures, tem per a tures, and flow rates at var i ous lo ca tions in the sys tem. The time-based sig nals are ac quired with the use of AVL fast front end mod ules (F-FEMs). Crank an gle re solved mea sure ments in clude in-cyl in der pres sure, fuel in jec tion pres sure, and nee dle lift. Data ac qui si tion and com bus tion anal y sis is per formed via an AVL Indimaster Ad vanced 671 in di cat ing sys tem.
In ter fac ing with the en gine's powertrain con trol mod ule (PCM) and mon i tor ing of con trol func tions is ac com plished through the use of ETAS INCA soft ware. The in jec tion param e ters, as well as EGR valve and VGT vane set ting, can be ob served and ad justed. INCA is linked to PUMA via a com mu ni ca tion link that op er ates on the ASAM (As so ci a tion for Standard iza tion of Au to ma tion and Measuring Systems) protocol. An AVL com bus tion emis sions bench (CEB-II) is used to sam ple, con di tion, and measure ex haust gas con stit u ents. An a lyz ers mea sure the pro por tion of car bon mon ox ide (CO), carbon di ox ide (CO 2 ), ox y gen (O 2 ), to tal hy dro car bons (THC), and ox ides of ni tro gen (NO x ) in the ex haust gas. CO 2 lev els in the in take man i fold are also mea sured to quan tify EGR rates. These an a lyz ers do not have the re sponse time nec es sary to ac cu rately fol low the in stan ta neous tem poral dy nam ics of emis sions pulses, but they do pro vide an ac cu rate in te grated re sponse [32] .
Fast re sponse emis sion an a lyz ers
Ac cu rate tem po ral mea sure ment of NO x is pro vided by a CLD 500 fast NO x an a lyzer made by Cambustion Ltd. It con sists of a chemiluminescent de tec tor with a 90% to 10% response time of less than 3 ms for NO, and less than 10 ms for NO x . This is achieved by lo cat ing the de tec tors in re mote sam ple heads that are po si tioned very close to the sam ple point in the engine and us ing vac uum to con vey the sam ple gas to the de tec tors through nar row heated cap illar ies.
The fast NO x an a lyzer pro vides NO x con cen tra tion in parts per mil lion (ppm). This is sub se quently con verted to mass flow of NO x with the equa tion: + is the to tal mass flow rate of ex haust. Tem po rally re solved par tic u late con cen tra tions are ob tained us ing a dif fer en tial mobil ity spec trom e ter (DMS) 500 man u fac tured by Cambustion Ltd. This in stru ment mea sures the num ber of par ti cles and their spec tral weight ing in the 5 nm to 1000 nm size range with a time re sponse of 200 ms. The DMS pro vides aero sol size spec tral data by us ing a co rona dis charge to place a pre scribed charge on each par ti cle. The charged par ti cles are then car ried along a clas sifier col umn by a sheath of clean air. Within the col umn, par ti cles are sub jected to a ra dial electric field from a cen tral elec trode which re pels them to wards the pe riph ery. Par ti cles with lower aero dy namic drag-to-charge ra tio will de flect more quickly and are at tracted to wards elec trode rings closer to the be gin ning of the clas si fier col umn, and vice versa. As the par ti cles land on the grounded rings, they give up their charge and these out puts from the electrometers are pro cessed in real time to pro vide spec tral data and other de sired pa ram e ters.
Typ i cal spec tral data from the DMS 500 are shown in fig. 4 . The x-axis is par ti cle diam e ter (D p ) in nanometers and the y-axis is the spec tral den sity with a unit of dN/dlogD p in cm 3 . Thus the area un der the curve rep re sents the num ber of par ti cles per cu bic cen ti me ter of sam ple. Con ver sion of aero sol spec tral size data into par tic u late mass is not straight for ward. Ag glom erates formed dur ing die sel com bus tion are non-spher i cal and there fore their mass does not cor relate with the cube of the par ti cle di am e ter. Sim i larly, the con stit u ents of the par ti cles change as the di am e ter var ies and con se quently there is no di rect cor re la tion be tween par ti cle den sity and di am e ter. Nev er the less, a re la tion ship has been sug gested by the man u fac turer [33] , based on results ob tained from an scan ning mo bil ity par ti cle sizer and an aero sol par ti cle mass spec trom eter and pub lished by Park et al. [34] . While these in stru ments use the same prin ci ples to clas sify par ti cles, they re quire much more time (~100 s) to pro duce a full size spec trum.
To ob tain to tal par ti cle mass, the x-axis of the curve shown in fig. 4 is first discretized, which groups the data into par ti cle di am e ter bins. The den sity of the par ti cles within each bin is as sumed to be con stant and then the mass of par ti cles (M p ) in each bin is de ter mined by:
. N p (2) where N p is the num ber of par ti cles. The non-spher i cal na ture of par ti cle shapes is ac counted for by the di ame ter ex po nent smaller than three. The lead ing co ef fi cient acts as a "pseudo-den sity" for the par ti cles in that bin; its mag ni tude is af fected by parti cle con stit u ents and also the unit changes that oc cur with the non-in te ger par ti cle di am e ter expo nent. Af ter the M p is cal cu lated for each bin, the to tal mass is found by sum ming the masses in each bin and di vid ing it by the num ber of bins per de cade, i. e.:
M Bins Decade
This sum ma tion is used as an ap prox i ma tion that ac counts for in te gra tion over a log arith mic scale.
Re sults -the ef fect of tran sients on die sel emis sions
This sec tion de scribes the drive cy cle and ex am ines in ter ac tions in the powertrain systems and dy namic re sponses of crit i cal sub-sys tems and com po nents. Par tic u lar at ten tion is focused on the ef fect of en gine sys tem tran sients on ex haust emis sion trends and vi sual sig na ture. The tran sient con tri bu tion to over all par tic u late emis sion is quan ti fied, thus en abling fu ture devel op ment of strat e gies for clean and ef fi cient truck pro pul sion.
Typ i cal mea sure ments ob tained over a tran sient driv ing sched ule are given in fig. 5 . Only the first 400 s of the Fed eral Ur ban Driv ing Sched ule are shown rather than the whole cycle, since this in ter val en com passes three rep re sen ta tive ve loc ity pro files and al lows show ing data with more clar ity. This sched ule is com monly used for eval u at ing light and medium trucks.
The ve hi cle speed pro file is shown in fig. 5 (a), and this is the only in put for a par tic u lar tran sient test run. The rest of the time-re solved pro files given in fig. 5 rep re sent mea sure ments ob tained in the EIL fa cil ity, and thus of fer in sight into in ter ac tions be tween powertrain sub systems and com po nents over an ag gres sive driv ing sched ule. Fig ure 5(b) il lus trates en gine speed and torque pro files. The en gine speed his tory is much more dy namic than the ve hi cle speed history, due to in ter ac tions with the torque con verter and the trans mis sion. The en gine is idling while the ve hi cle is stopped. The torque pro files -see also fig. 5 (b) -dis play even more dynamic be hav ior, with very sharp and fre quent fluc tu a tions be tween rel a tively low and ex tremely 
Fig ure 4. Sam ple par tic u late spec tral den sity curve
high val ues. It is im por tant to note that the torque fluc tu a tions de pend not only on ve hi cle param e ters and driv ing con di tions, but also driver ag gres sive ness in cor rect ing er rors. For instance, in the pro cess of ad dress ing in te gra tion chal lenges, it was ob served that the cyber-driver with shorter pre view had dif fi cul ties fol low ing the sched ule ac cu rately and of ten be haved more ag gres sively, thus caus ing in creased fluc tu a tions of en gine torque. Torque dis plays val ues higher than zero dur ing idling since the en gine has to over come the stall losses in the torque converter.
Fig ure 5(c) al lows go ing one level deeper and char ac ter iz ing be hav ior of the turbocharg ing sys tem dur ing tran sient in-ve hi cle op er a tion, as well as the re per cus sions for the in-cyl in der con di tions, namely the air-to-fuel (A/F) ra tio. Ev ery in crease in en gine com mand from the driver leads to in creased fuel ing, higher enthalpy in the ex haust and thus in creased turbocharger speed. How ever, dy nam ics of the turbocharger ro tor cause a lag in the re sponse of the air-charg ing sys tem, and this has a pro found ef fect on in-cyl in der pro cesses. A closer look at fig. 5 (c) re veals a grad ual in crease in boost pres sure at the ini ti a tion of the tran sient due to turbo lag. This is typ i cally ac com pa nied with a small dip in the A/F ra tio, e. g. around the 180 s mark or a 350 s mark. The elec tronic fuel in jec tion con trol ler ob vi ously senses the low boost pres sure value and lim its the fuel; nev er the less, the in stan ta neous A/F val ues at the ini ti a tion of a transient can be some what be low quasi-steady val ues ob served im me di ately af ter wards. The in stanta neous NO x and par tic u late emis sion trends are shown in fig. 5(d) . The emis sions pro files demon strate a very tran sient be hav iour, with sharp high-fre quency fluc tu a tions. Par tic u late con cen tra tion dis plays very large spikes. These spikes seem to be cor re lated with ini ti a tions of sud den torque in creases, but while A/F ra tio is ob vi ously an im por tant fac tor, fluc tu a tions of par tic u late con cen tra tion are not strongly cor re lated with global A/F. More in for ma tion is needed to fully un der stand the tran sient emis sions spikes and iden tify ad di tional fac tors af fecting their mag ni tude.
Char ac ter iz ing tran sient emis sions
A close up of a shorter in ter val from a drive cy cle given in fig. 6 pro vides more de tails. The in stan ta neous mass flow rates of particulates, de rived from the fast dif fer en tial mo bil ity spec trom e ter mea sure ments dur ing the in ter val be tween 30 and 46 s, are shown in fig. 6(a) . Engine com mand and the in take man i fold pres sure are plot ted for the same time in ter val in fig.  6(b) . The par tic u late emis sions are em pha sized when ever there is a sud den in crease of en gine load, par tic u larly from idle.
In ter est ingly, the sharp spike of the par tic u late emis sion does not fully align with the peak en gine com mand. While the com mand of ten shows very rapid in creases to 100%, the intake man i fold pres sure buildup is de layed due to turbocharger in er tia, as il lus trated in fig. 6(b) . This is a pe riod of ir reg u lar con di tions, where the en gine air sup ply lim its the amount of fuel that can be burned. While the elec tronic con trol ler mon i tors in take man i fold pres sure and its "smoke lim it ing" logic pre vents in jec tion of ex ces sive amounts of fuel, the in stan ta neous val ues of A/F 
Fig ure 6. En gine sys tem be hav iour dur ing a 30-46 s in ter val of the FTP75 ve hi cle driv ing sched ule (a) com par i son of mea sured tran sient par tic u late mass emis sions and pre dicted quasi-steady emis sions, (b) en gine com mand and mea sured in take man i fold pres sure
ra tio can still dis play in stan ta neous ex cur sion be low val ues ob served at more steady con di tions -see fig. 5 (c). This will be in ves ti gated fur ther, along with other fac tors likely to play a role in tran sient par tic u late emis sions. Ex haust re sid ual might still be pres ent in the man i fold even if the ex haust gas recirculation EGR valve is rap idly closed. Un fa vor able pres sure dif fer ence between the ex haust and in take man i fold at the ini ti a tion of the load in crease can lead to in creased in ter nal re sid ual. Low boost im plies re duced fresh charge ve loc ity and poorer mix ing. In summary, anal y sis of re al is tic en gine op er a tion in the ve hi cle in di cates that tran sient de par tures have the most ef fect on par tic u late emis sions, since the phas ing of in stan ta neous particle mass (PM) spikes aligns well with the ini ti a tion of the load tran sient. The tran sient ef fect is most prom i nent when sud den load in crease is initiated from idle. Quan ti fy ing the tran sient ef fect re quires es tab lish ing a rea son able base line first. This is ac com plished uti liz ing a sim ple en gine model in Simulink and a map of steady-state en gine par tic u late emis sion mea sured in the same test cell (or a "static" map). When tran sient speed and fuel ing tra jec to ries mea sured in the EIL fa cil ity are pro vided to the Simulink en gine model as input, the emis sion his to ries cor re spond ing to as sumed quasi-steady con di tions are ob tained as out put. In other words, the quasi-steady base line rep re sents es ti mates of what the emis sions would have been had we marched through the driv ing sched ule point-by-point and al lowed condi tions to set tle at ev ery step. This base line is con trasted to real in stan ta neous mea sure ments obtained in the EIL fa cil ity, as shown in fig. 6(a) . The spike of in stan ta neous par tic u late emis sion is higher and it pre cedes the quasi-steady pre dic tions. The quasi-steady pro file ba si cally fol lows the load, its peak align ing closely with the peak in boost pres sure. This con firms the hy poth e sis about ir reg u lar con di tions at the ini ti a tion of the tran sient be ing the pri mary cause of tran sient par ti cle emis sions. The tran sient con tri bu tion to the to tal emis sion dur ing the given in ter val is very tan gi ble, as the in te grated area un der the tran sient trace is much greater than the area un der the quasi-steady line. Con se quently, the tran sient con tri bu tion can eas ily dom i nate the over all emis sion trends in case of very ag gres sive driv ing con di tions for a heavy ve hi cle, such as those spec i fied by the FTP75 pro ce dure. In fact, when the cu mu la tive par tic u late emis sions are de termined from both the tran sient mea sure ments and the quasi-steady sim u lated trace, the re sults show more than dou bling of the soot emis sion due to tran sients (see fig. 7 ). Con se quently, dealing with tran sients has to be part of any low-emis sion strat egy, as more than half of the to tal particulates can be at trib uted to ir reg u lar con di tions ini ti ated with rapid load in creases. The dynamic as pects are also im por tant. The large tran sient spikes in soot emis sion are linked to black smoke and they need to be ad dressed re gard less of the to tal emis sion. In case the en gine sys tem is out fit ted with the die sel par tic u late fil ter (DPF), the spikes in soot con cen tra tion will de termine dy namic load ing of the fil ter and hence be a fac tor in de vel op ment of regeneration strategies. The dif fer en tial mo bil ity spec trom e try pro vides in-depth view of the soot emis sion phe nom ena oc cur ring dur ing the rapid tran sient. Two se quences of par ti cle size-num ber dis tribu tions are shown in fig. 8 , with a tenth of a sec ond res o lu tion. The first tran sient in crease in load il lus trated in figs. 6(a) and 6(b) is cap tured with a se quence shown in fig. 8a . What re ally stands out is an ex traor di nary in crease of soot par ti cle size. While near-idle op er a tion was charac ter ized by rel a tively large num bers of very small par ti cles (on av er age 10-15 nm in di am e ter), the pro files are shifted to wards di am e ter size of 100-150 nm at the on set of a tran sient -note the log a rith mic scale on the graph in fig. 8(a) . Con vert ing val ues for di am e ter to vol ume and mass mag ni fies the rel a tive change; thus it is safe to say that the shift in par ti cle size rep re sents a puff of smoke em a nat ing from the ex haust man i fold. The fea tures of the par tic u late size dis tri bu tions change as the en gine sta bi lizes some what at high load con di tions. This is ev i dent from the fig.  8(b) , cap tur ing the last part of the tran sient event. As the en gine sta bi lizes at high boost and high fuel ing con di tion, the pro files move left and start dis play ing a typ i cal dual-mode shape ob served by other re search ers at steady-state con di tions [34] . In sum mary, fea tures of par tic u late size-num ber dis tri bu tions con firm the strong ef fect of ir reg u lar in-cyl in der con di tions ex pe rienced dur ing rapid tran sients on soot for ma tion. The con di tions are unique, and lead to for mation of very large par ti cles, in con trast to typ i cal dual-mode (nu cle ation and ac cu mu la tion) profiles ex pected at high-load die sel op er a tion. This is con sis tently seen at ev ery ini ti a tion of the rapid load in crease. The rel e vance of dif fer ent fac tors in flu enc ing par tic u late for ma tion will be ex plored fur ther dur ing a spe cial tip-in test de scribed in the next sec tion. 
Re duc ing tran sient emis sions: tip-in func tions
To in crease un der stand ing of tran sient par tic u late emis sions and es tab lish guide lines for de sign ing drive-by-wire sys tems and hy brid powertrain power man age ment strat e gies, load tip-ins from one to nine bar break mean ef fec tive pres sure (BMEP) were con ducted at a con stant speed of 2000 rpm. The in ter val over which the en gine com mand lin early in creases was var ied from an in stan ta neous change to a five sec ond tip-in, as il lus trated in fig. 9(a) . By chang ing the rate at which pedal po si tion is changed, this type of ex per i ment dem on strates the im pact of driver ag gres sive ness and dy namic powertrain in ter ac tions on emis sions. Anal o gously, in case the en gine is used in a hy brid pro pul sion sys tem, a power man age ment strat egy ag gres sively opti mized for fuel econ omy might in tro duce fre quent step-changes of en gine com mand. Com par ison of the step-change with de layed tip-in cases will yield quan ti fi ca tion of the tran sient emission pen alty. Es tab lish ing the tip-in fea tures that min i mize tran sient soot is just a first step in ad dress ing tran sient emis sions at the powertrain sys tem level. Fully char ac ter iz ing con di tions lead ing to in creased soot emis sions will in di cate most prom is ing di rec tion in fu ture de vel opment of en gine-level strat e gies, such as in jec tion, VGT or EGR con trol.
Par tic u late emis sions dur ing the load ramp-up are shown in fig. 9 (b). The in stan taneous in crease of en gine com mand pro duces a large spike in par tic u late emis sions at the be ginning of the tran sient. Its peak mag ni tude is over ten times greater than the fi nal steady-state value. The 2-sec ond load ramp-up leads to a mod er ate hump, while the 5-sec ond tip-in vir tu ally elim i nates any tran sient in crease of particulates. The peak val ues in case of a 2-and 5-sec ond tip-in oc cur closer to the end of the tran sient. The in stan ta neous load step pro duces 41% more par tic u late mass than the 5-sec ond tip-in over the first ten sec onds of the load change event. The re main ing graphs, e. g. figs. 9(c-h), shed more light on sys tem re sponse and con di tions re spon sible for tran sient par tic u late emis sion trends. As the tran sient pro cess be gins, a greater vol ume of fuel is in jected into the cyl in der to cre ate more torque. Boost pres sure, how ever, lags far be hind, as shown in fig. 9(c) , and thus the in jec tion con trol ler at tempts to limit the fuel ing. A com bi nation of boost pres sure re sponse and the in jec tion con trol mod ule (ICM) cal i bra tion logic lim it ing mass of fuel in jected dur ing turbo lag pro duces torque his to ries shown in fig. 9(d) . In case of a step change of en gine com mand, there is an al most in stan ta neous in crease of torque up to 300 Nm and this in di cates how much fuel can be burned at al most nat u rally as pi rated con ditions. It takes an ad di tional sec ond for torque to reach a tar get value slightly above 400 Nm, and this is dic tated by the avail abil ity of air for com bus tion. Dy namic in ter ac tions play out quite differ ently in case of a 2-sec ond tip-in, hence the tar get torque level is reached less than a sec ond af ter the zero-sec ond tip-in case. The fact that most of the ad verse ef fects dis ap pear if the tip-in is ex tended to only 2 s is en cour ag ing. It in di cates that a care ful cal i bra tion of the tip-in func tion in a drive-by wire sys tem can pro duce sim i lar torque re sponse with a sig nif i cantly re duced soot pen alty. Fig ures 9 (e) and 9(h) pro vide more in sight into rea sons for tran sient par tic u late emissions pen alty. Soot emis sions are nor mally cor re lated to ox y gen-starved re gions within the cylin der, and nu mer ous pro cesses con trib ute to more fuel-rich zones dur ing the in stan ta neous load step. The fuel in jec tion amount dur ing the first cou ple of cy cles af ter a step-change in com mand (0 s) over shoots above the boost-im posed limit, as in di cated by the sharp spike of in jec tion du ration shown in fig. 9 (e). This ob vi ously im plies an in stan ta neous spike of fuel-to-air ra tio. Rapid in creases in fuel in jec tion pres sure upon the on set of the in stan ta neous load step can cause spray over-pen e tra tion. The in crease and over shoot of the in jec tion pres sure at ~1 s into the tran sient fol low ing a step-change in com mand is ev i dent in fig. 9(f) . At the same time, the mo men tum of the in com ing charge and swirl intensity are reduced, and this has detrimental effect on mixing. Fi nally, the ra tio be tween the ex haust backpressure and in take man i fold pres sure shown in fig. 9 (g) can be a sig nif i cant con trib ut ing fac tor. High val ues of the p exh /p in ra tio observed in the case of a step-change of load will cause sig nif i cant in creases in in ter nal re sid ual. Phas ing of peak p exh /p in val ues cor re lates well with peak par tic u late con cen tra tion in fig. 9(b) . In ad di tion, the ex ter nal (recirculated) re sid ual is rel a tively high at the very be gin ning of the transient. The VGT set tings are dy nam i cally ad justed to re duce the tar get value of EGR from 20 to 10%, but the time-scales of man i fold fill ing limit the rate at which the com po si tion can change. Con se quently, re sid ual con cen tra tion in the in take man i fold re mains above the fi nal tar get value dur ing the ini tial cou ple of cy cles, as shown in fig. 9(h) . In sum mary, a com bi na tion of in stan taneous over shoot of the mass of fuel in jected in the cyl in der, and an in creased pres ence of re sidual, par tic u larly in ter nal, lead to sig nif i cantly in creased par tic u late for ma tion in the ini tial stage of a load tran sient.
Rel e vance of find ings
The EIL tests are cur rently the only re li able way to ob tain deep in sight into the ef fect of en gine/powertrain tran sients on die sel emis sions and hence are an es sen tial tool in the quest for de vel op ing clean and ef fi cient pro pul sion for trucks. The ad vanced test cell ca pa bil i ties corre late en gine state vari ables with tran sient emis sions and of fer guid ance for re duc ing their magni tude. This en ables fur ther work on ex pand ing this knowl edge and ap ply ing it for ad dress ing tran sient emis sions with en gine-level strat e gies (e. g. fuel in jec tion, vari able ge om e try tur bine and/or vari able valve ac tu a tion and ex haust gas recirculation strat e gies) or ve hi cle level strat egies such as drive-by-wire sys tems, tai lor ing of the torque con verter or trans mis sion char ac ter istics etc.
The ve hi cle-level anal y sis is par tic u larly im por tant in case of hy brid pro pul sion. On-go ing work by au thors aims to take ad van tage of the EIL ca pa bil i ties and ex am ine the behav ior of the en gine in te grated with dif fer ent hy brid ar chi tec tures, e. g. a par al lel hy brid elec tric sys tem or a se ries hy drau lic hy brid sys tem. While hy brid sys tems of fer more flex i bil ity in control ling the en gine, op ti miz ing the power man age ment for fuel econ omy can lead to sharp load in creases. Hence, fol low up work will use les sons learned in the EIL fa cil ity for op ti miz ing the trade-off be tween fuel econ omy and emis sions at the ve hi cle level. The im mer sion of ad di tional hard ware, e. g. hy drau lic pump/mo tors and en ergy stor age, will ex pand the EIL con cept to powertrain-in-the-loop stud ies and en able equal fi del ity in eval u at ing tran sient be hav ior of these sub-sys tems and com po nents.
Con clu sions
A real me dium-duty die sel en gine was im mersed in the vir tual ve hi cle sys tem to develop an EIL ca pa bil ity. In par tic u lar, an In ter na tional 6 L V-8 DI die sel en gine was in te grated with a 4´4 driveline for a 5 ton off-road truck with a four-speed au to matic trans mis sion. Two crit i cal enablers were an ad vanced, highly-dy namic dy na mom e ter setup and a suite of ve hi cle mod els with ap pro pri ate fi del ity. The study em pha sized the use of the EIL setup as a re search tool for ad dress ing fun da men tal as pects of tran sient die sel emis sions un der re al is tic driv ing condi tions. Hence, the EIL setup in cluded ad vanced en gine in stru men ta tion for mon i tor ing key engine pro cesses, as well as a fast NO x an a lyzer and a fast par ti cle sizer (dif fer en tial mo bil ity spectrom e ter). There fore, de tailed in for ma tion about in ter ac tions in the powertrain sys tem can be cor re lated with tran sient emis sion trends. The EIL setup uti lizes a Matlab-Simulink in ter face pro vided by the ven dor of the dyna mom e ter and the ac com pa ny ing con trol sys tem. The im ple men ta tion un cov ered sev eral in tegra tion chal lenges, such as the sig nal noise and sta bil ity is sues, time de lay in sig nal pro cess ing and in ad e quate cyber-driver re sponse. These is sues were ad dressed by re vers ing the cau sal ity of the torque con verter model, the im ple men ta tion of lead-lag fil ter ing, and by in tro duc ing preview in the driver model. The en gine cou pled to the vir tual off-road ve hi cle sys tem was tested over the fed eral ur ban driv ing sched ule. The anal y sis of re sults shows the fol low ing. · Engine transients have very significant impact on instantaneous soot and NO x emission.
Large spikes of particulate emission are observed during initial phases of vehicle acceleration events. · Transient particulate emissions show the largest departure from quasi-steady estimates at the initiation of a sudden load increase from idle, thus causing advanced phasing of instantaneous PM spikes. The conditions are characterized by turbo lag, i. e. low boost and remnants of exhaust residual from preceding steady conditions. · A very significant increase of average particulate size is consistently seen at the initiation of rapid increases of load. · Analysis of a transient caused by a step-change of engine command shows a sharp spike of particulate emission. The spike contributes significantly to the cumulative emission. · While numerous processes contribute to transient particulate emission, the combination of the instantaneous overshoot of the mass of fuel injected, and an increase in internal residual (due to very high instantaneous values of the pressure ratio between exhaust and intake during turbo lag) and to a lesser extent external residual (due to time-scales of manifold filling) seem to be dominant. · Replacing the step-increase with a two-second ramp virtually eliminates the transient effect for a 1-9 bar change of BMEP. Phase delay in torque response between a step-change and a 2 second tip-in is less than a second, since turbo lag delays engine response to a step change of load request. · Transient effects are not visible in case of a 5-second tip-in.
Char ac ter iza tion of tran sients pro vides a ba sis for de vis ing en gine-level or ve hi cle level strat e gies. An ex am ple of the for mer would be mul ti ple fuel in jec tions or ad vanced intake-air and re sid ual han dling; while the lat ter in cludes drive-by-wire strat e gies and hy brid power man age ment ap proaches. The anal y sis of tip-in func tions can be di rectly uti lized for devel op ment of ve hi cle level strat e gies and de vel op ment of ad vanced hy brid pro pul sion sys tems. Vir tual prototyping of the ve hi cle fa cil i tates rapid changes of the pro pul sion sys tem ar chi tec ture and eval u a tion of a num ber of very dif fer ent con fig u ra tions, e. g. a hy brid elec tric power split sys tem or a se ries hy drau lic hy brid sys tem.
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